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A rat line carrying three copies of the human c-Ha-ras 
proto-oncogene, including its own promoter region, was 
established and designated Hrasl28. Expression of the 
transgene was detected in all organs examined from 
Hrasl28 rats by northern blot analysis. To examine its 
influence on susceptibility to A^methyl-/V-nitrosourea 
(MNU) -induced mammary carcinogenesis, female rats were 
treated with 50 mg/kg MNU i.v. at 50 days of age. All 22 
Hrasl28 transgenic rats rapidly developed multiple and 
large mammary carcinomas within as little as 8 weeks 
after MNU treatment (14.1 tumors/rat, average diameter 
16.4 mm). In contrast, 24 non- transgenic littermates 
developed no or only small tumors (0.46 tumors/rat, average 
diameter 7.4 mm) within this period. PCR-restriction 
fragment length polymorphism (RFLP) analysis and direct 
sequencing for the transduced human c-Ha-ra^ proto- 
oncogene indicated that 38 out of 44 tumors (86.4%) 
contained cells with mutations at codon 12 in exon 1. 
However, the signal densities of the mutated bands observed 
in the RFLP analyses revealed the presence of mixed 
populations of mutated and non-mutated cells in the 
tumors, the latter being in the majority. PCR-single strand 
conformation polymorphism analysis detected no mutations 
in codons 12 or 61 of the endogenous rat c-Ha-ras gene of 
Hrasl28 rat tumors. The results thus indicate that rats 
carrying the transduced human c-Ha-ras proto-oncogene 
are highly susceptible to MNU-induced mammary carcino- 
genesis and that this is not primarily due to mutations of 
the transgene or endogenous c-Ha-ras gene. 



Introduction 

Transgenic mice provide us with good animal models for many 
diseases and are widely used for analysis of various gene 
functions. In the field of chemical carcinogenesis, transgenic 
mice harboring the human c-Ha-ra,? proto-oncogene (the rasH2 
mouse) (1,2), v-Ha-ras transgenic mice (TG.AC mice) (3), 
pim-1 transgenic mice (4) and p53 knockout mice (3) have 
been shown to be susceptible to tumor induction by certain 
carcinogens. In transgenic mice harboring the human c-Ha- 
ras proto-oncogene, more rapid onset and higher incidences 
of malignant tumors of skin, lung and forestomach than in 

Abbreviations: DMBA, 7, 1 2-dimethylbenz[fl]anthracene; GST, glutathione S- 
transferase; MNU, yV-methyl-Af-nitrosourea; RFLP, restriction fragment length 
polymorphism; SSCP, single strand conformation polymorphism. 



non-transgenic mice were observed after treatment with various 
carcinogens (1,2). 

For studies of chemical carcinogenesis, however, rats rather 
than mice are more frequently used, for various reasons. For 
example, in the liver a variety of enzyme-altered focal lesions 
have been studied for their relevance to carcinoma development 
(5-7) and some have been utilized as markers for early 
detection of preneoplastic lesions (8-1-1). In contrast, no 
equivalent marker lesions in mouse liver are available. Further- 
more, mammary cancers in rats can be induced by MNU 
administration without the involvement of a ^viral etiology. 
However, only limited types of transgenic rats have been 
developed to study carcinogenesis. Rats containing an albumin 
promoter fused to the simian virus 40 T antigen gene have 
been used to investigate glutathione S-transferase (GST)-P 
expression in preneoplastic foci in the liver induced by the 
transgene (12) and another transgenic rat containing the GST-P 
promoter fused to the chloramphenicol acetyltransferase gene 
has been employed to study regulation of GST-P transcripts in 
rat liver carcinogenesis (13,14). 

We have generated transgenic rats using the same gene 
construct used for generation of human c-Ha-«w proto-onco- 
gene transgenic mice (15), which has no mutations in the 
protein coding regions and no ability to transform NIH 3T3 
cells (16). In order to determine their susceptibility to mammary 
carcinogenesis, human c-Ha-ra,? proto-oncogene transgenic 
rats (Hras 1 28 rats) were treated with Af-methyl-Af-nitrosourea 
(MNU), which is known to induce mammary carcinomas when 
applied i.v. (17). We show here that human c-Ha-ras proto- 
oncogene transgenic rats are highly susceptible to MNU- 
induced mammary carcinogenesis and that the susceptibility 
is not primarily due to mutation of the transduced human c- 
Ha-rav proto-oncogene. 

Materials and methods 

Transgenic rat 

Sprague-Dawley rats (Clea Japan Inc., Tokyo, Japan) were used for the initial 
production of founder animals of transgenic rats. The DNA construct utilized 
for the transgenic rats has been previously described (16) (Figure 1). A 6.8 
kb BamHl fragment of the human c-Ha-ra.v proto-oncogene with its own 
promoter region eluted from agarose gel was purified using a Qiaex II Gel 
Extraction Kit (Qiagen, Hilden, Germany) and injected into pronuclei of a 
total of 1145 rat embryos collected from superovulated prepubescent Sprague- 
Dawley female rats mated with males of the same strain. Techniques used for 
generation of transgenic rats were essentially similar to those commonly used 
for transgenic mice ( 1 8). 

Of 211 potential transgenic rats screened, two male rats were shown by 
PCR and Southern blotting to carry the transgene. These rats gave rise to 
transgenic offspring according to Mendelian genetics. Subsequent mating s 
have been carried out between the transgenic and nun- transgenic Sprague- 
Dawley rats to maintain rats heterozygote for the transgene. 

PCR and Southern blot t ing 

DNA samples from rat tails were obtained by the protenase K/phenol/ 
chloroform method. PCR was performed using AmpliTaq Gold (Perkin 
Elmer, NJ) and human c-Ha-ra.v exon 2-specific primers. hHras2F (5'- 
AGCCCTGTCCTCCTGCAGGAT-3 ' ) and hHras2R (5'-GGCCAGCCTCAC- 
GGGGTTCA-3'). which amplify a 218 bp fragment of human c-Ha-ras. 
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Fig. 1. Structure of the human c-Ha-ras proto-oncogene used to generate 
transgenic rats. It contains its own promoter region in the 5 '-region, a single 
nucleotide change in the last intron (asterisk) and the putative enhancer 
element of the 3' -downstream repeated sequence. B, BamHl; S, Sad; X, 
Xbal. Boxes marked I-IV indicate the coding exons (see ref. 16). 



DNAs were digested by the restriction enzymes tfmdHI, Xhol Xbal, EcoRI 
and Sad and Southern blots were probed with a 32 P-labeled Sad fragment of 
the human c-Ha-ras gene. The number of copies of the transgene was 
determined from the restriction enzyme cutting pattern and the amount of 
hybridization signal in 10 (Xg of genomic DNA, in comparison with signals 
for known c-Ha-raj gene amounts (Figure 2). Signals were measured with a 
BAS2000 image analyzer (Fuji Film Co. Ltd, Tokyo, Japan). 
Northern blotting 

Total _RNAs_were .extracted _by _the..actd gnan idmi'.im -mjocyana!e*>heno!/ 
chloroform method from multiple normal organs and mammary tumors of the 
transgenic and non-transgenic rats and 10 |Ag aliquots were loaded onto 1% 
agarose gejs, electrophoresed and transferred to nylon membranes (Hybond- 
N + ; Amersham, Arlington Heights, IL). A human c-Ha-ra.v proto-oncogene 
mRNA- specific oligonucleotide probe (5 ' -GGGGTTCCGGTGGCA1TTGG- 
3') was labeled using [Y- 32 P]ATP and T4 polynucleotide kinase (TaKaRa, 
Otsu, Japan) and hybridized to mRNA on the membrane. A cDNA probe for 
GAPDH was also hybridized as a control for the loaded amounts of RNA. 
Carcinogenesis study 

A total of 22 transgenic and 24 littermate non- trans genie female rats were 
treated with 50 mgflcg body wt MNU (Sigma-Aldrich Japan, Tokyo, Japan) 
injected into the tail vein at 50 days of age. Numbers and sizes of palpable 
mammary tumor masses were subsequently recorded. After 8 weeks, rats were 
killed and all mammary lesions were removed for histological evaluation and 
mutation analysis of the transduced human c-Ha-ras proto-oncogene and the 
endogenous rat c-Ha-ras gene. 

Restriction fragment length polymorphisms (RFLPs) and direct sequencing 
In preliminary experiments, we found that the particular single base substitution 
GGC— K3AC of codon 12 of the transduced human c-Ha-ra.? proto-oncogene, 
most frequently found in rasffi mice (1), could not be detected by the PCR- 
single strand conformation polymorphism (SSCP) technique. Therefore, we 
applied restriction fragment length polymorphism (RFLP) analysis to screen 
mutations in the transgene. A 167 bp fragment was amplified with primers 
hHraslF (5 '-GCAGGCCCCTGAGGAGCGAT-3 ') and hHrasIRN (5-AGCA- 
GCTGCTGGCACCTGGA-3 ' ) at an annealing temperature of 60°C for 35 
cycles. When the DNA fragments was digested with Mspl DNA of wild-type 
sequence (GGC) was cleaved to 117 and 50 bp, but those with base 
substitutions of the first and second G residues of codon 12 were not. Similarly, 
mutations in codon 61 were detected by the presence of an A/wNI-resistant 
band. An AlwNl site was generated by a mismatched primer (H61/2A2, 5'- 
CGCATGGCGCTGTACAGCTC-3 ' ). For the first round PCR, 218 bp frag- 
ments of exon 2 were amplified by primers hHras2F and hHras2R at an 
annealing temperature of 63°C for 35 cycles and then diluted 100 times with 
water and used as templates for the second round PCR using primers hHras2F 
and H61/2A2 at an annealing temperature of 60°C for 35 cycles. DNA 
fragments with the wild-type sequence (CAG) was cleaved into 93 and 17 bp 
by A/wNI. The fragments with codon 61 mutants were not cut by this enzyme 
and gave a 110 bp band. 

To investigate the detection sensitivity of the RFLP analyses, 100 times 
diluted PCR fragments containing exon 1 of the human transgene from DNA 
of normal liver of transgenic rats and from T24 cells (for exon 1), generated 
using primers hHraslF and hHrasIRN, or DNA of normal liver of the 
transgenic rats and from plasmid pSK2 (for exon 2), generated using primers 
hHras2F and hHras2R, were mixed in different serial concentrations from 1:1 
to 1 : 100 and used as templates for PCR following enzyme digestion. Digested 
samples from each reaction were electrophoresed in 2 or 4% agarose gels. 
When bands of DNA fragments resistant to digestion were visualized, the 
fragments were amplified with hHraslF and hHraslR for analysis of codon 
12 and then directly sequenced using 32 P-end- labeled upper primers for each 
amplification (TaKaRa). 

For positive controls for detection of mutations in codons 12 and 61 of the 
c-Ha-ra.f human proto-oncogene, DNA from T24 cells (GGC-»GTC in codon 
12) (19) (JCRB0711; Health Science Research Resources Bank, Japan Health 
Sciences Foundation) and plasmid pSK2 (CTG-»CAG in codon 61) (20) 
(CO 001; Health Science Research Resources Bank, Japan Health Sciences 
Foundation), respectively, were used. 




Fig. 2. (a) Southern blotting analysis, tol-digested plasmids containing 10 
(lane 1), two (lane 2) or one (lane 3) copy of the transgene per 10 ng rat 
genomic DNA were assessed as controls along with 10 ng of Hrasl28 
(lane 4) and Hrasl02 (lane 5) liver DNA digested with Sad. Hybridization 
was performed with the Sad fragment of the transduced human c-Ha-ra.v 
proto-oncogene. Intensities of bands (2.9 kb) were determined with a BAS 
2000 image analyzer which revealed that Hrasl28 rats have three copies of 
the transgene and Hrasl02 have one. (b) Ethidium bromide staining of the 
agarose gel before Southern blotting, showing equal amounts of DNA 
(10 ng) loaded in lanes 4 and 5. 

PCR-SSCP analysis 

To screen possible mutations in the endogenous rat c-Ha-ra.v gene, exons 1 
and 2 of the gene were analyzed by the PCR-SSCP technique (21). Pairs of 
primers were designed to amplify each exon separately. Primers for exon 
1 were rHraslF (5 '-GCGATGACAGAATACAAGCT-3' ) and rHraslR (5'- 
GAGCTCACCTCTATAGTGGG-3 ' ) and for exon 2 were cHras2IF (5'- 
CTGCAGGATTCCTACCGGAA-3 ') and cHras2IR (5'-CACCTGTAC- 
TGGTGGATGTC-3'). PCR was performed using AmpliTaq Gold (Perkin 
Elmer, NJ) and 3 2 P- end -labeled primers at annealing temperatures of 51 °C 
for exon 1 and 55°C for exon 2 and products were analyzed in 5% non- 
denaturing polyacrylamide gels (49:1) with or without 5% glycerol at 4 or 
20°C. A small area (-1 mm 2 ) of the gel corresponding to the position of each 
mobility shifted band from normal tissue was cut out. The gel pieces were 
immersed in 20 Ml water and heated at 80°C for 15 min. Then, this solution 
was used for PCR using the same primers as for PCR-SSCP analysis and 
then directly sequenced with 32 P- end-labeled upper primers for the PCR and 
a Tag cycle sequencing kit (TaKaRa). 

Subchning and sequencing analysis 

Exon 1 of transgenes from four independent mammary carcinomas was 
amplified using primers hHraslF and hHraslR. PCR products were subcloned 
into pGEM-T Easy vectors (Promega Corp., Madison, WI) and transformations 
were performed using JM109 competent cells (Toyobo Inc., Tokyo, Japan). 
Around 50 plasmid DNAs having an insert were isolated from single colonies 
for each tumor and sequenced using a Cy5-!abeled Ml 3 universal primer, 
ThermoSequenase fluorescent labeled primer cycle sequencing kits and ALF 
express DNA sequencers (Amersham Pharmacia Biotech, Little Chalfont, UK). 

Results 

Generation of human c~Ha-ras proto-oncogene transgenic rats 
Injection of the human c-Ha-rav proto-oncogene DNA con- 
struct (Figure 1) into pronuclei of a total of 1145 rat embryos 
gave rise to 21 i potential transgenic rats, and two founder rats 
were obtained. Southern blotting analysis revealed that one 
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Fig. 3. (a) Northern blot analysis for human c-Ha-ras in various tissues of 
Hrasl28 rats. Lane 1, uterus; lane 2, skin; lane 3, muscle; lane 4, bladder, 
lane 5, ovary; lane 6, kidney; lane 7, large intestine; lane 8, small intestine; 
lane 9, glandular stomach; lane 10, forestomach; lane 11, spleen; lane 12, 
liver, lane 13, heart; lane 14, lung; lane 15, thymus; lane 16, salivary gland; 
lane 17, cerebellum; lane 18, cerebrum. A 1.1 kb mRNA from the 
transgenes was detected in all tissues examined, (b) Northern blot analysis 
for human c-Ha-ra.9 in mammary gland tissue from Hrasl28 rats and non- 
transgenic rats. Lanes 1-3, RNA samples from Hrasl28 rats; lanes 4 and 5, 
RNA samples from non-transgenic rats. A 1.1 kb mRNA from the 
transgene(s) was detected in mammary tissue from the transgenic rats, but 
not from non-transgenic rats. GAPDH was demonstrated in the same filter 
to confirm the presence of RNA. 

line had three copies and the other had one copy of the 
transduced gene (Figure 2). The former three-copy gene was 
transmitted to the next generations stably and its mRNA 
expression was detected in all organs examined (Figure 3a), 
including the mammary gland (Figure 3b). The rat strain was 
named Jcl/SD-TgN(HrasGEN)128Ncc (Hrasl28). However, 
expression of the transgene in the other line of rats with one 
copy (Hrasl02) was no longer detectable after two generations. 
Therefore, only the Hrasl28 rats were used for the following 
studies. 

MNU -induced mammary carcinogenesis study 
Hrasi28 transgenic rats proved highly susceptible to induction 
of mammary carcinogenesis by treatment with MNU. Five 
weeks after a single injection of MNU, multiple mammary 
tumors could be easily detected in almost all mammary organs 
by palpation in Hrasl28 rats, whereas no tumors were present 
in non-transgenic littermates of the same age. By the end of 
week 8, all Hrasl28 transgenic rats developed large multiple 
tumors throughout each of the 12 mammary glands with a 
progressively moribund condition (Figure 4). Therefore, the 
experiment was terminated at this time point. Data for tumor 
incidence and size (mean values of maximum diameter of 
respective tumors) are summarized in Table I. Only seven out 
of 24 (29.2%) non-transgenic littermates treated with MNU 
had tumors of small size. The histological appearance of all 
tumors was solid tubular or papillary tubular adenocarcinomas 
(Figure 5). A high expression of the transgene in the mammary 
carcinomas was confirmed by northern blot analysis (Figure 
6). No other macroscopic or microscopic lesions were observed 
in either transgenic or non-transgenic rats. Several rats from 
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Fig. 4. Periodic observation of palpable mammary tumors in Hras 128 rats 
and nori-transgenic fats treated with MNU at 50 days of age. Closed circles, 
Hras 128 rats (Tg); open squares, non-transgenic rats (non-Tg). Large and 
multiple mammary tumors developed in 100% of Hras 128 rats whereas 
tumors were small and only found hr29.2% of non-rransgenicratsT 




Fig. 5. Representative histological appearance of mammary tumors induced 
in Hras 1 28 rats by MNU, diagnosed as solid tubular adenocarcinomas. 
Hematoxylin and eosin staining, XI 00. 



Table I, Quantitative data for mammary tumors induced by MNU in human 
c-Ha-ras proto-oncogene transgenic rats 


Strain Experimental 


No. of 


No. of tumor No. of Tumor size 


period 


rats 


bearing rats tumors (mm)* 


(weeks) 




(%) per rat 


Hrasl28 8 
Non-Tg 8 


22 
24 


22 (100) b 14.1 ± 6.42 c 16.4 ± 9.0^ 
7 (29.2) 0.46 ± 0.93 7.45 ± 6.02 



a Maximum diameter. 

Significantly different by % 2 test at P < 0.001. 

Significantly different by Mann-Whitney CMest at P < 0.001. 



the other transgenic line (Hras 1 02), carrying one copy of the 
same transgene, which is not transmitted to the third generation, 
also showed high susceptibility to MNU induction of mammary 
tumors (data not shown). Without carcinogen exposure, no 
tumors in the transgenic rats were noted within the experi- 
mental period. 

Mutation analysis of the transduced human c~Ha*ras proto- 
oncogene by RFLPs 

Thirty-eight out of 44 tumors were shown to have Msph 
resistant bands of DNA fragments amplified from the region 
carrying exon 1, indicating the presence of cells with mutations 
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Fig. 6. Northern blot results for human c-Ha-ra.v in mammary carcinomas 
(lanes 1-3) and normal mammary tissue (lanes 4 and 5) of Hrasl28 rats. 
Transgene expression is apparent in the mammary carcinomas although 
comparison of levels with those in normal tissue (ducts) is difficult because 
the latter is a mixture of a small amount of mammary ducts, fatty and other 
soft tissue components. 
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Fig. 7. Representative results of RFLP analysis for codon 12 (a) and the 
dilution standard of DNA (b). (a) Lanes 1-12, mammary tumors induced in 
Hrasl28 rats; lane 13, T24; lane 14, normal liver. In lanes 1-12, Mspl- 
resistant bands are visible but faint, which indicates that all tumors have 
mutations but that the mutant cell populations are not a major component, 
(b) Serial dilution of DNA for codon 12. Ratio of mutant/wild- type 
sequences: lane 1, 1/0; lane 2, 1/1; lane 3, 1/2; lane 4, 1/5; lane 5, 1/10; 
lane 6, 1/20; lane 7, 1/30; lane 8, 1/40; lane 9, 1/50; lane 10, 1/60; lane 11 
1/70; lane 12, 1/80; lane 13, 1/90; lane 14, 1/100; lane 15, 0/1. Mutant 
bands are visible even at the ratio of 1/100 in lane 14. 



Table IL c-Ha-ra.v mutations in MNU-induced mammary tumors 



Strain 



No. of 
tumors 
examined 



Transduced human c-Ha-ras 
proto-oncogene exons a 



Rat c-Ha-nw gene 



Hrasl28 44 
Non-Tg 21 



38 c (86.4%) 0 0 0 



0 0. 
6 J (28.6%) 0 



*From both RFLP and SSCP analyses. 1, codon 12; 2, codon 61 
Trom SSCP analysis. 

'Thirty-four GGC-K5AC; three GGC-»GTC; one GGC->AGC 
d Six GGA->GAA. 

in codon 12 of the transgene (Figure 7a and Table II). Hie 
density of the signals for mutant bands varied among the 
samples, two being high and 36 tumors being moderate to 
low. The dilution study for the evaluation of sensitivity of this 
RFLP analysis using the liver tissue of normal rats and mutant 
(T24) DNA fragments indicated that one mutant out of 100 
wild-type sequences could be detected by this RFLP analysis. 
Based on the comparison of the signal density of bands in the 
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Fig. 8. Representative results of SSCP analyses with 5% glycerol at 20°C 
for rat c-Ha-rcw exon 1. Lanes 1-10, PCR products for mammary tumors 
induced in non-transgenic rats; lanes 11-20, PCR products for mammary 
tumors induced in Hrasl28 rats. Lanes 5 and 9 demonstrate mobility shifted 
bands indicating the presence of mutation(s) in rat c-Ha-ra.v exon 1. 



Table m. Mutation frequency analysis by PCR: subcloning of exon 1 of 
the transgene and sequencing 


Tumor name 


No. of clones No. of mutant clones Mutant sequence 11 


.758M 
761 G 
772B 
773H 


" AGC" (codon 12) 
47 1 GAC (codon 12) 
47 0 

51 3 GAC (codon 12) 



S0b£ a The wild-type of codon 12 is GGC. 



DNA dilution study as shown in Figure 7b, it was estimated 
that tumors with a high density mutated band (for example 
Figure 7a, lane 7) contained -10%, those with moderate 
density bands (lanes 3-5, 10 and 12) 2-5% and those with the 
low density band (Figure 7b, lanes 1, 2, 6, 8, 9 and 11) 1-2% 
cells carrying mutant PCR fragments, respectively. Similarly, 
with RFLP analyses performed for exon 2, no mutations were 
detected in any of the 44 tumors (Table II). Direct sequencing 
of low density bands of codon 12 as shown in Figure 
7a revealed that 34 tumors contained GGC-KjAC, three 
GGC-»GTC and one a GGC-»AGC mutation, respectively. 
Mutation analysis of the endogenous rat c-Ha-ras genes in 
the mammary tumors by PCRSSCP 

Possible mutations in exons 1 and 2 of the rat endogenous c- 
Ha-ras gene were examined by PCR-SSCP analysis. Using 
specific primers for exon 1 of the rat gene, only two bands 
appeared on the gels. With common primers (cHras2IF and 
cHras2IR) for c-Ha-ra? exon 2 of both human and rat, four 
bands were detected. Human- or rat-specific bands were 
identified by signals from normal DNA of the transgenic 
and non-transgenic rats. Tumors from non-transgenic rats 
demonstrated GGA— »GAA mutations in six out of 21 (28.6%) 
in codon 12 of the endogenous c-Ha-rav gene on PCR-SSCP 
analysis followed by direct sequencing (Figure 8 and Table 
II). No mutation was detected in codon 61 of exon 2. 
Subcloning and sequencing analysis 

PCR amplification of DNA fragments carrying exon 1 taken 
from four tumors (named 758M, 761G, 772B and 773H), 
subcloning of the fragments using a plasmid vector and 
sequencing of individual clones from -50 colonies/tumor 
revealed that six out of 5 1 clones from the 758M tumor carried 
mutations, all exhibiting a GGC-^AGC mutation in codon 12. 
Similarly, a GGC-»GAC mutation was observed in one out 
of 47 from 761G and three out of 51 from 773H colonies. All 
47 clones from the 772B tumor had only the wild-type 
sequence, although RFLP analysis had indicated the presence 
of a GAC mutation in minor populations (Table EI). 



Discussion 

The present study revealed that Hrasl28 transgenic rats carry- 
ing three copies of the human c-Ha-rav proto-oncogene, the 
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same gene as used to establish transgenic mice (1,2), responded 
to a single i.v. injection of MNU (50 mg/kg) by developing 
multiple, large sized mammary carcinomas at 100% incidence 
within as short a period as 8 weeks. The earliest palpable 
tumors appeared at week 5, rapidly increasing their size and 
number up to 14.1 tumors/rat, accompanied by a progressive 
cachexic condition. This is the first report of such large 
mammary carcinomas developing within an 8 week period 
after a single carcinogenic treatment in the rat. The results 
clearly indicate that expression of the transgene is associated 
with marked enhancement of susceptibility to MNU mammary 
carcinogenesis. 

Transgenic mice prepared using the same DNA construct 
of the human c-Ha-rav proto-oncogene were reported to 
have a high susceptibility to forestomach, skin and lung 
carcinogenesis. It was therefore proposed that these mice could 
be "candidates for me^iunMerm carcinogenicity testing "(2). 
However, since the proposed experimental period for mice, 6 
months (22-24), is far longer than would be necessary, with 
human c-Ha-ras proto-oncogene transgenic rats, the transgenic 
rats could be used as a good short-term screening model to 
detect carcinogens or compounds with inhibitory effects on 
carcinogenesis after appropriate modification (25). 

In an earlier report, almost all forestomach tumors of human 
c-Ha-ras proto-oncogene transgenic mice induced by i.p. 
injection of MNU had a mutation of the transduced human c- 
Ha-ras proto-oncogene in codon 12 (GGC-»GAC) (1). The 
transgenic mice also proved highly susceptible to 7,12- 
dimethylbenz[fl]anthracene (DMBA) induction of lung and 
forestomach tumors in which mutations of the transduced 
human c-Ha-/m proto-oncogene in codon 61 (CAG-»CTG) 
were frequendy observed (26). Furthermore, no mutations in 
the endogenous mouse c-Ha-rav gene were detected, clearly 
indicating that the transgene is a target of carcinogens. 

In the non-transgenic rat, mammary tumors induced by i.v. 
injection of MNU are known to have a high incidence of 
mutations in codon 12 of the c-Ha-rav gene (GGA-KjAA) 
(17,27). However, other studies indicated that mammary tumors 
induced by DMBA exhibit a different mutation (A-»T transver- 
sions at codon 61) (28). It is thus possible that the type of c- 
Ra,-ras mutation is dependent on the inducing carcinogen. 
Another possibility is that carcinogens provide some selective 
environment for pre-existing mutations to persist, for example, 
specific G-»A transversion in MNU-treated cases (29,30). 
The relatively low incidence (28.6%) of mutations of the 
endogenous c-Ha-ras gene in non-transgenic rat tumors may 
be linked to the short duration of the current experiment as 
compared with other studies where 50-92% incidences were 
noted (17,27). 

Although the incidence of mammary carcinomas carrying a 
transduced human c-Ha-/m proto-oncogene mutation was 
relatively high, the actual mutated tumor cell population within 
the respective tumor tissue can be considered minor from the 
density of M?/?I-resistant bands by RFLP analysis of the 
transgene codon 12 (Figures 6 and 7). This could be confirmed 
by subcloning and direct sequencing analysis of tumor tissue 
randomly taken from different rats (31). Since signals from 
the labeled mutated transgene DNA were diluted by co-existing 
normal cells as contaminants, estimation of the mutated to non- 
mutated cell ratio could be done by estimating the population of 
normal cells. For example, if the DNA examined had 20% (at 
the most) normal cell contamination as estimated by their 
histological appearance, as shown in Figure 5 (mammary 



tumors in these transgenic rats usually contain a low percentage 
of normal cells), and if only one of the three copies of the 
transgene was mutated, the population of mutated cells in the 
758M, 773H and 761G subclones would be 44, 22 and 
8%, respectively (number of mutated clones/number of total 
clones X3 copies) (see Table EI). Accordingly, the mutated 
cell population was <50% of the total number of tumor cells 
in all cases, precluding a major role in the enhancement of 
susceptibility to MNU carcinogenicity. It should be noted that, 
based on the comparison of signal density bands, a large 
majority of mammary tumors in non-transgenic rats were 
considered as containing cells carrying mutations in the endo- 
genous c-Ha-ras oncogene. 

There are two possible explanations for the rapid induction 
of mammary tumors in this system. One would involve an 
influence_of_ mutation _in _the_exogen oris .J*iinian-c=Ha=rfl£-gene 
even though the mutant cell population is a minor component. 
Thus, unlike mutations in mammary tumors induced by MNU 
in non-transgenic rats, the mutant cells^might be imagined as 
inducing a malignant phenotype within the majority of non- 
mutated cells. The other is that the high level of expression 
of the exogenous human c-Ha-/m gene would itself have an 
effect, assisting mammary carcinogenesis by MNU in rats. 
Since a point mutation in the last intron of the transgene is 
known to induce its overexpression (16,32) and the structure 
of the region is similar in rat and man (33,34), it is possible 
that an intron point mutation or alteration in the human 
promoter/enhancer region of the transgene might have influ- 
enced expression of the rat endogenous c-Ha-ra? gene, resulting 
in enhancement of mammary carcinogenesis. The importance 
of regulatory elements for c-Ha-rav oncogenic activity has 
been well established using in vitro transformation assays and, 
furthermore, c-Ha-rav gene point mutations are not necessary 
for transformation when the gene is fused with a virus 
promoter (35). 

The results of tumor site and mutational analyses in the 
current study are not directly comparable with those reported 
in human c-Ha-rav proto-oncogene transgenic mice, because 
the route of MNU administration differed, with i.v. injection 
in the rat and i.p. injection in the mouse, the latter inducing 
forestomach tumors. For an exact comparison of the organ 
specificity and mutational spectrum between the two species, 
studies based on the use of the same tumor type, forestomach 
tumors, which are induced by the same treatment, i.p. injection 
of MNU, are in progress. An up to 40% incidence of endo- 
genous c-Ha-ras gene mutations in forestomach and other site 
tumors induced by repeated injection of MNU has been noted 
(36). Our findings of a high incidence of spontaneous skin 
tumors (unpublished data), which are extremely rare in non- 
transgenic rats, may provide us with a clue to elucidation of 
the role of the transduced human c-Ha-rav proto-oncogene 
with regard to enhanced susceptibility to skin carcinogenesis 
in transgenic mice carrying the same gene. 

In conclusion, the human c-Ha- ras proto-oncogene trans- 
genic rats reported here show a remarkable enhancement of 
susceptibility to MNU-induced mammary carcinogenesis, not 
directly due to transduced human c-Ha-rav proto-oncogene 
and endogenous c-Ha-rav gene mutations. Results may greatly 
facilitate further studies on the analysis of susceptibility to 
other mammary carcinogens such as DMBA and 2-amino-l- 
methyl-6-phenylimidazo[4,5-^]pyridine, which cause different 
DNA modifications and have different underlying mechanisms. 



247 



IVLAsamoto et al. 



Acknowledgements 

The authors would like to express their gratitude to Drs Takashi Yoshiki and 
Akemi Wakisaka of Hokkaido University and Dr Mikiko Ohba of Morinaga 
Milk Industry for their suggestions and assistance regarding production of 
transgenic rats, and Dr T\utomu Koide and Kazuyoshi Yanagihara of the 
Central Animal Laboratory of our Institute for assistance with the animal 
experimentation. We also thank Dr Malcolm A. Moore for his kind advice 
during preparation of the manuscript. The authors would like to express their 
gratitude to students Akira Ando and Hiroki Suzuki from Nihon University 
for their assistance in carcinogenesis and gene mutation studies. This study 
was supported in part by a Grant-in-Aid for the Second Term Comprehensive 
10- Year Strategy for Cancer Control, a Grant-in-Aid for Cancer Research 
from the Ministry of Health and Welfare of Japan, a Grant-in-Aid from the 
Ministry of Education, Science, Sports and Culture of Japan, a research grant 
from the Princess Takamatsu Cancer Research Fund, a Grant-in-Aid for the 
Foundation for Promotion of Cancer Research in Japan and a Grant-in-Aid 
from CREST (Core Research for Evolutional Science and Technology) of the 
Japan Science and Technology Corporation (JST). T.O. was a recipient of 
fel lowships .from the -Foundation- for Promotion of Cancer -Research, Tokyo, 
Japan, when this work was performed. 



References 

1. Ando,K., Saitoh,A., Hino.O., Takahashi,R., Kimura,M. and Katsuki,M. 
(1992) Chemically induced forestomach papillomas in transgenic mice 
carry mutant human c-Ha-ras transgenes. Cancer Res., 52, 978-982. 

2. Yamamoto,S., Mitsumori.K., Kodama,Y, Matsunuma,N., Manabe,S., 
Okamiya,H. ( Suzuki,H., Fukuda,T., Sakamaki, Y, Sunaga,M., Nomura,G. ( 
Hioki,K., Wakana,S., Nomura, T. and Hayashi,Y. (1996) Rapid induction 
of more malignant tumors by various genotoxic carcinogens in transgenic 
mice harboring a human prototype c-Ha-ras gene than in control non- 
transgenic mice. Carcinogenesis, 17, 2455-2461. 

3. Tennant,R.W., SpaldingJ. and French J.E. (1996) Evaluation of transgenic 
mouse bioassays for identifying carcinogens and noncarcinogens. Mutat. 
Res., 365, 119-127. 

4.Storer,R.D., Cartwright,M.E., Cook,W.O., Soper,ICA. and Nichols, WW. 
(1995) Short-term carcinogenesis bioassay of genotoxic procarcinogens in 
PIM transgenic mice. Carcinogenesis, 16, 285-293. 

5. Tsuda,H., Asamoto,M., Iwahori,Y, Hori,T., Ota,T., Baba,T.H., Uehara,N., 
Kim,D.J., Krutovskikh,V.A., Takasuka,N., Tsuchiya,T., Mutai,M., 
Tatematsu,M. and Yamasaki,H. (1996) Decreased connexin32 and a 
characteristic enzyme phenotype in clofibrate-induced preneoplastic lesions 
not shared with spontaneously occurring lesions in the rat liver. 
Carcinogenesis, 17, 2441-2448. 

6. Yamaguchi,S., Hakoi,K., Ozaki,K., Kato,T., Hwawech,D., Nagao,S., 
Takahashi,H., Matsumoto,K. and Tsuda,H. (1993) Number of 
simultaneously expressed enzyme alterations correlates with progression 
of N-ethyl-N-hydroxyethylnitrosamine-induced hepatocarcinogenesis in 
rats. Jpn. J. Cancer Res., 84, 1237-1244. 

7. Tsuda,H„ Moore,M.A., Asamoto,M., Inoue,T., Ito,N., Satoh,K., Ichihara,A., 
Nakamura,T., Amelizad,Z. and OeschJ\ (1988) Effect of modifying 
agents on the phenotypic expression of cytochrome P-450, glutathione S- 
transferase molecular forms, microsomal epoxide hydrolase, glucose-6- 
phosphate dehydrogenase and gamma-glutamyl transpeptidase in rat liver 
preneoplastic lesions. Carcinogenesis, 9, 547—554. 

8.Ito,N., Tatematsu,M., Hasegawa,R. and Tsuda,H. (1989) Medium-term 
bioassay system for detection of carcinogens and modifiers of 
hepatocarcinogenesis utilizing the GST-P positive liver cell focus as an 
endpoint marker. Toxicol. Pathol, 17, 630-641. 

9.0giso,T, Tatematsu,M., Tamano,S., "n»uda,H. and Ito,N. (1985) 
Comparative effects of carcinogens on the induction of placental 
glutathione S-transferase-positive liver nodules in a short-term assay and 
of hepatocellular carcinomas in a long- term assay. Toxicol Pathol, 13, 
257-265. 

10. Tatematsu,M M Mera,Y, Ito,N., Satoh,IC and Sato,K. (1985) Relative merits 
of immunohistochemical demonstrations of placental, A, B and C forms 
of glutathione S-transferase and histochemical demonstration of gamma- 
glutamyl transferase as markers of altered foci during liver carcinogenesis 
in rats. Carcinogenesis, 6, 1621-1626. 

1 1 . Sato,K., Kitahara,A., Satoh,K., Ishikawa,T., Tatematsu,M. and Ito,N. (1984) 
The placental form of glutathione S-transferase as a new marker protein 
for preneoplasia in rat chemical hepatocarcinogenesis. Jpn. 7. Cancer Res., 
75. 199-202. 



12.Hully,J.R., Su.Y, LohseJ.K., Griep,A.E., Sattler,C.A., Haas,M.J., 
Dragan,Y, Peterson,J., Neveu,M. and Pitot,H.C. (1994) Transgenic 
hepatocarcinogenesis in the rat. Am. J. Pathol, 145, 386-397. 

13.Suzuki,T., Imagawa,M., Hirabayashi,M., Yuki.A., Hisatake,K., Nomura,K., 
Kitagawa,T. and Muramatsu,M. (1995) Identification of an enhancer 
responsible for tumor marker gene expression by means of transgenic rats. 
Cancer Res., 55, 2651-2655. 

14. Morimura,S., Suzuki.T., Hochi,S., Yuki,A., Nomura,K., Kitagawa,T., 
Nagatsu,I., Imagawa,M. and Muramatsu,M. (1993) Trans- activation of 
glutathione transferase P gene during chemical hepatocarcinogenesis of 
the rat. Proc. Natl Acad. Sci. USA, 90, 2065-2068. 

15. Saitoh A., Kimura,M., Takahashi.R., Yokoyama,M., Nomura.T., Izawa,M., 
Sekiya,T M Nishimura,S. and Katsuki,M. (1990) Most rumors in transgenic 
mice with human c-Ha-ras gene contained somatically activated transgenes. 
Oncogene, 5, 1195-1200. 

16.Sekiya,T., Prassolov.V.S., Fushimi,M. and Nishimura,S. (1985) 
Transforming activity of the c-Ha-ras oncogene having two point mutations 
in codons 12 and 61. Jpn. J. Cancer Res., 76, 851-855. 

17. Zarbl,H., Sukumar,S., Arthur,A.V, Martin-Zanca,D. and Barbacid,M. 
(1985) -Direct mutagenesis of Ha-ras-1 oncogenes by N-niiroso^N- 
methylurea during initiation of mammary carcinogenesis in rats. Nature, 
315, 382-385. 

18. Hogan,B., Beddington.R., Costantini,F and Lacy,E. (1994) Manipulating 
the Mouse Embryo, A Laboratory Manual, 2nd Edn. Cold Spring Harbor 
Laboratory Press, Plainview, NY 

19. Reddy,E.P, Reynold s,RK., Santos,E. and Barbacid,M. (1982) A point 
mutation is responsible for the acquisition of transforming properties by 
the T24 human bladder carcinoma oncogene. Nature, 300, 149-152. 

20.Sekiya,T, Fushimi,M., Hori,H., Hirohashi,S., Nishimura,S. and 
Sugimura,T. (1984) Molecular cloning and the total nucleotide sequence 
of the human c-Ha-ras- 1 gene activated in a melanoma from a Japanese 
patient. Proc. Natl Acad. Sci. USA, 81, 4771^775. 

21.0rita,M., Iwahana,H., Kanazawa,H., Hayashi,K. and Sekiya,T. (1989) 
Detection of polymorphisms of human DNA by gel electrophoresis as 
single-strand conformation polymorphisms. Proc. Natl Acad. Sci. USA, 
86, 2766-2770. 

22. Yamamoto,S., Mitsumori,K., Kodama,Y, Matsunuma,N. f Manabe,S., 
Okamiya,H., Suzuki,H., Fukuda,T., Sakamaki,Y, Sunaga,M. t Nomura.G., 
Hioki,K., Wakana,S., Nomura,T and Hayashi.Y. (1996) Rapid induction 
of more malignant tumors by various genotoxic carcinogens in transgenic 
mice harboring a human prototype c-Ha-ras gene than non-transgenic 
mice. Carcinogenesis, 17, 2455-2461. 

23. Yamamoto,S., Urano,K., Koizumi,H., Wakana,S., Hioki,K., Mitsumori,K., 
Kurakawa,Y, Hayashi,Y. and Nomura,T. (1998) Validation of transgenic 
mice carrying the human prototype c-Ha-ras gene as a bioassay model for 
rapid carcinogenicity testing. Environ, Health Perspect., 106 (suppl. 1), 
57-69. 

24. Mitsumori,K., Koizumi,H., Nomura,T. and Yamamoto,S. (1998) 
Pathological features of spontaneous and induced tumors in transgenic 
mice carrying a human prototype c-Ha-ras gene used for six-month 
carcinogenicity studies. Toxicol Pathol, 26, 520-531. 

25. KohI,N.E., Omer,Cj\., Conner,M.W., Anthony JSU., DavideJ.P., 
deSolms,SJ., Giuliani,Ej\., Gomez,RJ>, Graham,SX., Hamilton,K., 
Handt,L.IC, Hartman.GX)., Koblan,K.S., Kral,A.M., Miller,P.J., 
Mosser,S.D., O'Neill T.J., Rands,E., Schaber,M.D., GibbsXB. and OUff,A. 
(1995) Inhibition of farnesy transferase induces regression of mammary 
and salivary carcinomas in ras transgenic mice. Nature Med., 1, 792-797. 

26. Doi,S.T., Kimura,M. and Katsuki,M. (1994) Site-specific mutation of the 
human c-Ha-ras transgene induced by dimethylbenzanthracene causes 
tissue-specific tumors in mice. Jpn. J. Cancer Res,, 85, 801-807. 

27. Lu,S.J. and Archer,M.C. (1992) Ras oncogene activation in mammary 
carcinomas induced by N-methyl-N-nitrosourea in Copenhagen rats. Mol 
Carcinog., 6, 260-265. 

28. Kito,K. t Sugita.A., Murao,S., Akehi,S., Tachibana,M., Kimura,S. and 
Ueda,N. (1996) Incidence of p53 and Ha-ras gene mutations in chemically 
induced rat mammary carcinomas. Mol Carcinog., 17, 78-83. 

29. Cha,R.S., Thilly,W.G. and Zarbl,H. (1994) N-nitroso-N-methylurea- 
induced rat mammary tumors arise from cells with preexisting oncogenic 
Hrasl gene mutations. Proc. Natl Acad. Sci. USA, 91, 3749-3753. 

30. Kamiya,K., Yasukawa-BarnesJ., MitchenJ.M., Gould,M.N. and 
Clifton,K.H. (1995) Evidence that carcinogenesis involves an imbalance 
between epigenetic high-frequency initiation and suppression of promotion. 
Proc. Natl Acad. Sci. USA, 92, 1332-1336. 

3 1 . Knowles,M.A. and WilliamsonM. ( 1 993) Mutation of H-ras is infrequent in 
bladder cancer confirmation by single-strand conformation polymorphism 
analysis, designed restriction fragment length polymorphisms and direct 
sequencing. Cancer Res., 53, 133-139. 



248 



Human c- Ha-ras proto-oncogene transgenic rats 



32. CohenJ.B. and Levinson,AD. (1988) A point mutation in the last intron 
responsible for increased expression and transforming activity of the c- 
Ha-ras oncogene. Nature, 334, 119-124. 

33. Ariazi,E.A., Thompson X A., BurkholderJ.K., Yang,N.S. and Gould,M.N. 
(1995) Transcriptional regulatory and response mapping of the rat Ha-ras 
upstream sequence using primary mammary epithelial cells. 
Carcinogenesis, 16, 965-968. 

34. Lee,W. and Keller,E.B. (1991) Regulatory elements mediating transcription 
of the human Ha-ras gene. J. MoL BioL, 220, 599-611. 

35. Chakraborty,A.IC, CichutekX and Duesberg,P.H. (1991) Transforming 



function of proto-ras genes depends on heterologous promoters and is 
enhanced by specific point mutations. Pmc. Natl Acad. Sci. USA, 88, 
2217-2221. 

36.Matsumoto,K., Iwase.T, HironoJ., Nishida,Y, Iwahori,Y., Hori,T., 
Asamoto,M., Takasuka,N., Kim,D.J., Ushijima,T., Nagao.M. and INudauH. 
(1997) Demonstration of ras and p53 gene mutations in carcinomas in the 
forestomach and intestine and soft tissue sarcomas induced by N-methyl- 
N-nitrosourea in the rat. Jpn. J. Cancer Res., 88, 129-136. 

Received June 25, J 999; revised September 7, 1999; 

accepted September 27, 1999 



249 



